2D nanoporous material Nanotexture In-plane shrinkage Out-of-plane fold Shrinkage-expansion control Molecular dynamics a b s t r a c t A model of two-dimensional knitting system is constructed from graphene ribbons (GRs) aligned in the three isometric directions. It then recommends a process for fabrication of the nanotexture. Based on the model, its thermal stability is assessed via molecular dynamics simulations. The nanotexture may experience out-of-plane fold or in-plane shrinkage at different temperatures due to the three factors including bending of the ribbons, relative sliding between the ribbons at their overlapping areas, and strong van der Waals forces between the GRs. In addition to the global deformation of the nanotexture, it has experienced local deformation at pores which depends on the chirality and gaps of the GRs. For a nanotexture formed from armchair GRs, it is relaxed to be a quasi-periodic porous medium with similar pore size. The mechanism is that the armchair GRs have non-smooth edges, and are locked at their contact areas in relative sliding. In water, the in-plane shrunk nanotexture does not expand to be a plate even at 500 K. However, in argon, it expands to be a plate with periodic hexagon pores. The proposed nanotexture may have significant applications in the area of controllable shrinkage-expansion oriented nanomaterial/nanodevice.
h i g h l i g h t s g r a p h i c a l a b s t r a c t
A model and fabrication method of a 2D tri-isometric knitting from graphene ribbons (GRs) was proposed.
In global, the nanotexture behaves out-of-plane fold or in-plane shrinkage at different temperatures. Locally, the size of nanopores in the nanotexture depends on the chirality and gaps of the GRs. Shrinkage-expansion of a nanotexture can be controlled by its ambient conditions.
Introduction
Two-dimensional (2D) nanoporous materials are popular serving as membrane for ionic and molecular sieving [1e4]. To fabricate functional filter membranes, several methods have been developed for generating nanopores in two-dimensional materials which are critical in the filter membrane system. Most of these methods are classified as physical approaches, e.g., ion bombardment approach [5] , electron beam lithography approach [6] , and ultraviolet-induced oxidative etching [1] , and block-copolymer lithography [7, 8] . Most recently, Yang et al. [9] developed a hybrid method for fabricating membrane from graphene and carbon nanotubes for nanofiltration.
To achieve enough strength at high pressure, the traditional membranes usually consist of two parts: the surface layer acting as filter membrane and the thick porous material as supporting frame. Since graphene was isolated from graphite in 2004 [10] , its excellent physical properties have been discovered and assessed. In particular, its mechanical properties [11] have attracted significant attention in developing graphene based nanomaterial/devices. It obtained some useful results such as its in-plane modulus being 1TPa and the strengths being~130GPa. Further, considering its good chemical stability, graphene is an ideal candidate material for fabricating few-atom-thick filter membranes [1,5,12e17] . As a cousin of graphene, graphene oxide [18] was also developed as filter membrane [3, 4, 19, 20] . It should be mentioned that porous graphene can be supported by carbon nanotubes [21e23], which have similar mechanical properties of graphene, to form an membrane system for nanofiltration [2, 9] .
To produce a 2D nanoporous material, forming a nanotexture through knitting nanoribbons [24, 25] is another physical approach. In the method, graphene ribbons with the same size are prepared before knitting [26] . In an orthogonal nanotexture, the parallel warped ribbons are initially layout uniformly in the same plane. Every second warped ribbons are fixed at both ends, but the remained warped ribbons are only fixed one end. Their free ends are pulled below the plane of their free ends, and then putting a weft ribbon in the gap of the warped ribbons. Further, the free ends of the warped ribbons are pulled above the plane and put another weft ribbon in the gap. Alternatively changing the positions of the free ends of the warped ribbons and putting weft ribbons one by one, a long nanotexture is produced in this way. The sizes of the nanopores in the nanotexture are determined by the gaps between two parallel warped/weft ribbons.
In this study, we proposed a new nanotexture using knitting graphene ribbons from three different directions, i.e., tri-isometric knitting method. The method for forming the nanotexture as shown in Fig. 1 was presented in the methodology. The thermal stability of the nanotexture in a vacuum were evaluated and discussed. Finally, the behavior of the nanotexture relaxed in single medium, e.g., water and argon, was discussed for potential applications of the 2D nanoporous material.
Models and methodology

Models of nanotextures from three isometric graphene ribbons
Two types of nanotexture models considered in this work were presented are shown in Fig. 1 . In Fig. 1a , the zigzag ribbons with the same width are employed to fabricate the nanotexture. In Fig. 1b , the nanotexture is formed by the armchair ribbons with the same width. Hence,
In each unit cell, the six ribbons are overlapped alternatively, and there is a regular hexagon with the three pairs of GRs as its edges. For showing the width effect of ribbon on the thermal stability of the nanotexture, two zigzag models (Z1 and Z2) and two armchair models (A1 and A2) were considered in this study. The details of the parameters are listed in Table 1 . They have the same number of unit cells in both x-and ydirections. To easily figure out the ribbons, we classified them into three groups: the GRs along direction D1 (GR-D1 for short), along direction D2 (GR-D2), and along direction D3 (GR-D3). All the parallel ribbons belong to the same group.
On the other hand, the knitting density depends on the geometric parameters. In each model, two knitting styles are considered. The value of b 1 (¼b 2 ¼ b 3 ) in case a is smaller than that in case b ( Fig. 1 ). For example, in Z1-a, and Z1-b, b 1 ¼ 4.5 ffiffiffi 3 p L C-C and 5.5 ffiffiffi 3 p L C-C , respectively. It means that the nanotexture Z1-a is tighter than the nanotexture Z1-b. The style influences the interaction between the GRs at an overlapping area in nanotexture.
Methodology for deformation analysis
To show the thermal stability of a nanotexture at finite temperature, molecular dynamics simulations were carried out by means of the open source code LAMMPS [27] , which is popular in simulation studies at nanoscale [12,28e30] . In each simulation, the nanotexture sample was first prepared. Next, the geometry of the nanotexture was modified by minimizing its potential energy with PPS boundary conditions. Further, the nanotexture was relaxed at NPT ensemble with P ¼ 0 and specified temperature. Simultaneously, data were collected for post processing.
In simulation, the interaction between carbon and/or hydrogen atoms was evaluated by AIREBO-Morse potential [31] . Based on the potential distribution, one can obtain the resultant force of each atom, whose acceleration is proportional to the resultant force. Through time integration, the velocity and the displacement/new location of the atoms can be obtained. To satisfy the specific temperature, the velocities of atoms were modified by the Nose-Hoover algorithm [32, 33] . In this study, the time step was set to be 0.001 ps, and no less than 1000,000 steps of iteration were fulfilled in each simulation case.
In argon environment, the interaction between argon atoms and the atoms in GRs is modeled by the 12-6 type Lennard-Jones potential [34] with parameters of ε C-Ar ¼ 4.9909 meV, s C-Ar ¼ 0.34025 nm. In water, SPC/E model [35] was adopted to evaluate the interaction between the oxygen and hydrogen atoms in water molecules. Lennard-Jones potential was used to illustrate the interaction between atoms in water molecules and atoms in GRs
To determine the deformation of a nanotexture with sizes of Lx Â Ly Â Lz, we defined the relative length of each dimension, i.e., RxðtÞ ¼ LxðtÞ=Lxð0Þ; RyðtÞ ¼ LyðtÞ=Lyð0Þ;
RzðtÞ ¼ LzðtÞ=Lzð0Þ:
where, Lx(0), Ly(0) and Lz(0) are the sizes of the initial nanotexture. At time t, the sizes are Lz(t), Ly(t), and Lz(t), respectively. For example, when Rx(t) < 1, the nanotexture shrinks or fold in the xdirection.
Methodology for fabrication of the tri-isometric nanotexture
To fabricate the nanotexture from graphene ribbons, we proposed a method containing following main 6 steps ( Fig. 2) . For simplicity, all the ribbons are cut from graphene and are treated by hydrogenation at their edges. There are four groups of GRs are involved in manufacturing. They are GR-D1, GR-D2, GR-D3 ribbons, and auxiliary ribbons named D1*, respectively. The initial gaps between neighboring ribbons in the four groups are set as equal, saying d. The six steps mentioned above are described as:
Step 1 Put GR-D1 with a number of ribbons (green lines), e.g., 5 in Fig. 2 , and fixed the two ends of each ribbon;
Step 2 place GR-D2 (yellow lines) on the GR-D1 with interaction angle of þ60 (anticlockwise from the direction of GR-D1). One end of each GR-D2 ribbon is fixed, and the other end is free or slightly under tension;
Step 3 add D1* (grey lines) onto the GR-D2, and the D1* are parallel to GR-D1 and the gap between the ribbons on GR-D1 and D1* are the half of d. Push D1* ribbons below GR-D1. As GR-D2 ribbons have free ends, they are pushed down with vertical displacement of h.
Step 4 Insert the GR-D3 ribbons (blue lines) orderly in the trapezoidal area with GR-D1 and D1* as parallel sides. The interaction angle between GR-D3 and GR-D1 is À60 (clockwise from the direction of GR-D1).
Step 5 Remove D1*, and pull GR-D2 tight, i.e., reduce the value of h. Now, a loose tri-isometric nanotexture is obtained.
Step 6 Occasionally, the gap between the ribbons needs modified. In this step, one can adjust the gaps between the ribbons in each group to meet the requirement, e.g., the values shown in Table 1 .
Results and discussion
Deformation of zigzag nanotextures
Z1 nanotextures
We first assess the thermal stability of the Z1 nanotextures at temperature between 8 K and 500 K. The geometry of the nanotxtures were described by Rx (Fig. 3a) , Ry (Fig. 3b ), and Rz (Fig. 3c) , Table 1 Initial geometric parameters of the unit cells in both the zigzag and armchair nanotextures with
Model
Style respectively. The stability of the nanotextures at a finite temperature can be evaluated by the historical curves of potential energy of the systems. When the potential energy decreases and convergences to a minimum value, the system is in a stable state.
According to the curves in Fig. 3d , the systems are in stable states after no more than 1 ns of relaxation. For simplicity and conciseness, in other cases of analysis, the potential energy curves will not be provided any longer. For the Z1-a nanotexture, it keeps flat only at 8 K (Row 1 in Fig. 4 ). As temperature increases to 50 K, it has obvious out-of-plane deformation (Row 1 in Fig. 4 ). The value of Rz in Fig. 3c is~5, which indicates the bending degree of the nanotexture at 50 K. At 100 K, the nanotexture is in dynamic stable state, and has no fixed configuration, which can be seen by the configurations in Row 2 of Fig. 4 . The nanotexture has periodic vibration in the y-axis and the period is~1.48 ns (Fig. 3b ). At temperature above 200 K, the nanotexture was fully folded in the y-axis after no more than 1 ns (Movie 1). The folded nanotexture has a value of Ry being less than 0.1 (Fig. 3b) , and the value of Rx being near 1.0, simultaneously. This phenomenon is considered as out-of-plane fold of a nanotexture. According to the layout of the ribbons in the nanotexture, the GR-D1 ribbons shrink slightly during folding, and the GR-D2 and GR-D3 ribbons shrink obviously at 300 K, which can be demonstrated by the configuration at 1000 ps (Row 4 in Fig. 4) .
Supplementary video related to this article can be found at https://doi.org/10.1016/j.matdes.2019.108269
When the nanotexture is modeled with Z1-b scheme, i.e., the nanotexture is looser than the Z1-a nanotexture, it has a few pores during relaxation at 8 K (Row 1 in Fig. 5 ). During relaxation, the ribbons is easy to have relative sliding. Under the van der Waals force, the ribbons are attracted and attach to each other to reduce their surfaces. The attached ribbons will act as the boundary of a couple of pores (Movie 2). One can also find that the ribbon shrinks in both directions, which is evaluated by the values of Rx and Ry in Fig. 3a and b. Similar phenomenon can be observed at 50 K or 100 K. But the difference is that the in-plane shrinkage becomes stronger at higher temperature.
At 200 K, the Z1-b nanotexture behaves out-of-plane fold, i.e., mainly folds but slightly shrinks in the y-axis. However, At 300 K or 500 K, the nanotexture shrinks in both x-and y-directions. Both Rx and Ry (Fig. 3a and b ) of the nanotexture are less than 0.5 after full relaxation. This phenomenon is called in-plane shrinkage of a nanotexture.
In comparison between the two Z1 nanotextures, we found that the nanotexture has slight in-plane shrinkage at low temperature. For the looser nanotexture, it has pores after relaxation at low temperature. At high temperature, the tight nanotexture folds in the y-direction (parallel to GR-D1), but the loose nanotexture acts in-plane two-directional shrinkage. Fig. 5 . Configurations of the Z1-b nanotexture at different temperatures. The nanotexture has pores at temperature between 8 K and 100 K, folds at 200 K, or folds and synchronously shrinks at 300 K. The size of gauge frame is of 37.8 nm Â 39.2 nm.
Z2 nanotextures
Here we further studied the thermal stability of the Z2 nanotextures, which are modeled by wider GR ribbons than those in the Z1 nanotextures. The size variations of the two Z2 nanotextures were given in Fig. 6 .
For the Z2-a nanotexture, it deforms slightly at temperature below 50 K (Row 1 in Fig. 7a ). At 100 K, it curves and vibrates in the y-axis, and tends to be stable after~3 ns of vibration (Row 2 in Figs. 7a and 6b&c ). At 200 Ke500 K, Rx is near 1.0 but Ry (Fig. 6b ) is less than 0.1, which implies that the nanotexture behaves out-ofplane fold (Rows 1&3 in Fig. 7a ). Hence, the Z2-a nanotexture behaves similar to the Z1-a nanotexture at the same temperature.
For the Z2-b nanotexture, it contains pores after relaxation at temperature below 100 K (Rows 1&2 in Fig. 7b ). At 200 K or higher temperature, the nanotexture folds in the y-direction after about 1 ns of relaxation (Fig. 6b ). This is different from the Z1-b nanotexture at the same temperature.
Deformation of armchair nanotextures
Next, the armchair nanotextures were investigated to reveal their thermal stability. The geometric sizes of both the A1 and A2 nanotextures at a finite temperature are shown in the curves in Fig. 8 . In general, any texture is relatively stable at low temperature with slight in-plane shrinkage. At high temperature, it may behave single-direction fold, or may shrink in two other directions. Detailed behavior of the nanotexture depends on its initial configuration.
For example, for the A1-a nanotexture, both Rx and Ry are close to 1.0 ( Fig. 8 a1 and b1) , which means that the nanotexture keeps flat at temperature below 50 K. At temperature over 200 K, it behaves in-plane shrinkage (Row 2 in Fig. 9a ).
For the A1-b nanotexture, it bends at 50 K according to the values of Rx, Ry and Rz in Fig. 8 a1, b1, and c1 , respectively. At 100 K or higher, it shrinks in both x and y directions (Row 1 in Fig. 9b ). However, a new phenomenon was observed during relaxation. The A1-b nanotexture has quasi-periodic cells after relaxation at any temperature. The original regular hexagons become irregular small pores, but there is no obvious big pores appeared in the relaxed nanotexture (Movie 3). The reason is that the armchair ribbons in the nanotexture have non-smooth edges as compared with the zigzag ribbons ( Fig. 1, Row 2 in Fig. 9b ). From the local configuration at 200 ps of the ribbon (the 3rd snapshot in Row 2 in Fig. 9b ), we found that the three groups of ribbons, i.e., GR-D1, GR-D2, and GR-D3, are stuck during deformation, which means that the relative sliding at an overlapping area is not sustainable [36, 37] . Hence, there is no large pore appearing. Simultaneously, the ribbons attract each other at the overlapping area, which results in irregular small pores from the regular hexagons.
For the A2-a nanotexture, it keeps flat at temperature below 50 K. It bends in the y-axis (the 4th snapshot in Row 1 in Fig. 10a ) at 100 K or 300 K, but bends in the x -axis at 200 K (the 5th snapshot in Row 1 in Fig. 10a ). At 500 K, it behaves double-dimensional shrinkage.
For the A2-b nanotexture, it behaves similar to the A1-b nanotexture. For instance, it keeps flat at temperature below 50 K (Row 1 in Fig. 10b ), it shows out-of-plane fold at 100 K (Row 1 in Fig. 10b ), or shows double-dimensional shrinkage at temperature above 200 K (Row 2 in Fig. 10b ). Importantly, the A2-b nanotexture is also relaxed to be a quasi-periodic porous material due to the same reason as that in the A1-b nanotexture.
Size effect of shrinkage
In the discussion above, the size of the samples are between 30 nm and 60 nm. The two in-plane directions of the samples are set as periodic boundaries. If the sample has larger sizes with the same boundary conditions, will the nanotexture behave differently? To investigate the size effect, we considered the Z1-a and A1a nanotextures with double sizes in both the x and y directions as new samples for relaxation. The sizes of the larger samples are given in Fig. 11 . For the Z1-a nanotextures, at temperature below 50 K, the size effect is negligible because Rx and Ry of the two nanotextures (the small one with Lx Â Ly, and the large one with 2Lx Â 2Ly) both close to 1.0 ( Fig. 11 a1 and b1) , i.e., they keep flat at low temperature. At 100 K, the small nanotexture have periodic varying of Ry, but the large sample behaves in-plane shrinkage which can be verified by the fact that both Rx and Ry are less than 0.2. At temperature higher than 100 K, the large nanotexture still behaves in-plane shrinkage (Fig. 12) . Hence, for a tight zigzag nanotexture with larger in-plane size, it shrinks in the two in-plane directions, simultaneously, when relaxed at high temperature.
For the two A1-a nanotextures, the size effect can be neglected at temperature below 50 K, too. At temperature higher than 100 K, they behave in-plane shrinkage, too. Hence, size effect does not appear in the A1 nanotextures.
Relaxation of a shrunk nanotaxture in single-phase media
The Z1-a nanotexture was first relaxed in a vacuum with temperature 500 K, then relaxed in a medium such as argon or water, at the same temperature. The in-plane sizes and potential energy of the nanotexture were recorded as shown in Fig. 13 . According to the curves of potential energy, the system is in stable after different durations of relaxation in different environments. We found from Fig. 13 that, when relaxed in argon with initial density of 800 kg/m 3 , the average potential energy of the nanotexture is higher than those in other conditions. When relaxed in vacuum at 500 K, the nanotexture behaves outof-plane fold in y-direction, which can be verified by the fact that the convergent values of Ry < 0.1, and Rx > 1.0. According to the convergent values of Rx and Ry of the nanotexture in water or argon with initial density of 200 kg/m 3 , we found that the nanotexture changes slightly in the x-/y-directions, i.e., 1.0 < Rx < 1.1, and Ry < 0.2. However, in argon with initial density of 800 kg/m 3 , Ry becomes higher than 1.0, which means that the nanotexture expanded in this environment. The snapshots in Fig. 14a demonstrate that the nanotexture is fully expanded in argon within 0.4 ns (Movie 4). The nanotexture turns back to be a plate with regular hexagon pores. After expansion, the non-bonding interaction between the carbon atoms in the nanotexture is reduced, which is the reason why the potential energy per atom in the nanotexture in argon with initial density of 800 kg/m 3 is much higher than the remained cases. However, in water, the shrunk nanotexture cannot expand (Fig. 14b) .
The mechanism can be given for above phenomena. The nonbonding interaction between argon and carbon is about twice that between carbon atoms (i.e., ε C-Ar ¼ 4.99 meV and ε C-C ¼ 2.41 meV in L-J potential function), besides, argon atoms have drastic thermal vibration. Hence, the folded carbon nanotexture can be self-expand within 1 ns in this study. In water, the interaction between carbon atoms and oxygen atoms in water molecule is also higher than that between carbon atoms. However, in water, stronger interaction between hydrogen atoms and oxygen atoms via hydrogen bonds prevent the expansion of the interface between water and carbon nanotexture. Therefore, the nanotexture has no chance to expand. The phenomenon of self-expansion of the 2D nanoporous material can make it to be used in a nanodevice as a gate that the state (open or close) is controlled by the medium in which it sinks. 
Conclusions
A nanotexture is constructed by knitting the groups of narrow graphene ribbons in three isometric directions. The thermal stability of the nanotexture was evaluated by molecular dynamics. The process for expanding the shrunk nanotexture was also investigated via the molecular dynamics methods. Based on the results, some conclusions were presented for potential fabrication and application of the new two-dimensional nano-porous medium:
(1) Using narrow zigzag graphene ribbons to form a nanotexture such as Z1-a, the tight nanotexture (Z1-a) behaves singledimensional fold at temperature above 100 K. The loose nanotexture (Z1-b) produces big pores in it even at 8 K due to relative sliding of the ribbons driven by van der Waals force. The loose nanotexture also behaves double-directional (inplane) shrinkage at temperature higher than 300 K. (2) Using wider zigzag ribbons to form a nanotexture, the tight nanotexture (Z2-a) behaves out-of-plane fold at 300 K or higher temperatures. The loose nanotexture (Z2-b) has big pores in it at low temperature, or behaves out-of-plane fold at high temperature (e.g., >300 K). (3) Using an armchair graphene ribbons to form a nanotexture, the tight nanotexture (A1/2-a) behaves out-of-plane fold at low temperature or behaves in-plane shrinkage at high temperature. However, for a loose nanotexture (A1/2-b), it has quasi-periodic cells after relaxation at any temperature, i.e., the original regular hexagons become irregular small pores in relaxation due to the armchair ribbons have nonsmooth edges to prevent their relative sliding at the overlapping areas. Hence, width of ribbon has slight influence on the deformation of the corresponding nanotexture. This characteristic is critical to fabricate a nanotexture from armchair graphene ribbons. (4) Results on size effect imply that a tight zigzag nanotexture must behave in-plane shrinkage when it has larger in-plane sizes and is relaxed at high temperature. But the loose zigzag nanotextures or the armchair nanotextures have no size effect, i.e., they must shrink in the two in-plane directions. (5) For a shrunk nanotexture, it can expand to be a plane with periodic cells in high-density argon at high temperature.
Authors contributions
Y. Y. built models, collected data, prepared figures and attended discussion. K. C. proposed the project, prepared manuscript, and attended discussion. J. S. prepared figures, attended discussion. Q.-H. Q. prepared manuscript, and supervised the project.
Conflicts of interest
There is no conflict of interest among authors. 
